INTRODUCTION {#sec0005}
============

Parkinson's disease (PD) is a devastating neurodegenerative disorder, affecting more than 1% of the population over 65 years of age. It is characterized by debilitating motor symptoms, including bradykinesia, tremors and muscle rigidity, as well as non-motor symptoms that include intestinal dysfunction, depression, cognitive decline and sleep disturbances \[[@ref001]\]. While the majority of PD cases are idiopathic, about 10% have been linked to genetic mutations with Mendelian inheritance within families. Specifically, such mutations have been found to occur in genes including *α*-synuclein (SNCA), Leucine-rich repeat kinase 2 (LRRK2), glucocerebrosidase (GBA), Parkin (PARK2 gene) and PTEN-induced putative kinase (PINK1). Independent of familial history, Gene wide association studies (GWAS) have also unravelled several gene variants associated with an increased risk of PD development \[[@ref002]\]. These genetic data have helped scientists create models explaining the pathogenic causes of this disorder. Classical hallmarks of PD are the selective loss of dopaminergic (DA) neurons in the substantia nigra pars compacta, accompanied by the presence of inclusions within neurons called "Lewy bodies". These inclusions are primarily comprised of the *α*-synuclein protein \[[@ref005]\], which forms cellular fibrillar aggregates within the cells that may be able to spread from cell to cell in a prion-like manner \[[@ref006]\]. After two decades of research on PD genes, several cellular pathways have been implicated in PD pathogenesis, including mitochondrial dysfunction \[[@ref009]\], perturbed electrical activity of neurons \[[@ref012]\], and dysregulated protein homeostasis due to autophagy, lysosomal and proteasomal defects \[[@ref014]\]. However, to date, there are no therapies to effectively halt the progression of the disease, and treatment of PD is limited to symptom management. It is therefore of utmost importance to refine the models we use in fundamental research, to better understand the pathophysiology of PD for developing effective therapeutic strategies. Here we present existing PD models, and discuss the future of PD modelling by outlining the next generation of more relevant models of PD pathophysiology, made possible through the advent of human induced pluripotent stem cell (iPSC) technology and genome editing. We will also discuss the potential of using iPSCs in drug discovery assays.

FROM ANIMAL TO HUMAN MODELS {#sec0010}
===========================

PD animal models {#sec0015}
----------------

When investigating the pathological mechanisms contributing to PD, the availability of human post-mortem brain tissue is limited. Nonetheless, our understanding of the composition of Lewy bodies and their distribution within the brain has increased significantly through studies using post-mortem human brain tissue from PD patients. Over the past few decades, a combination of animal and cell models has also helped elucidate some of the potential causes underlying PD. However, many of these models have limitations in truly modelling PD. Mammalian and non-mammalian animal models of PD can be divided into toxin-induced and gene-related PD models. 6-OHDA (2,4,5-trihydroxyphenethylamine) injection within animal brains, tested on dogs, cats, primates and rodent models, is toxic for DA neurons and leads to PD-like behaviour. However, neurodegeneration is restricted to DA neurons and 6-OHDA does not affect other brain areas implicated in PD. MPTP (1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine) administration has long been used as a toxin-induced PD model. An MPTP metabolite, MPP+, inhibits complex I of the mitochondrial electron transport chain and causes neuronal death through oxidative stress. MPP + induces damage to the nigrostriatal DA connections, loss of DA cells, inflammation, and generation of reactive oxygen species. However, MPTP treatment doesn't induce Lewy bodies or synuclein pathology in the majority of studies \[[@ref016]\]. Only one group reported inclusions positive for synuclein and ubiquitin after continuous MPTP infusion \[[@ref021]\]. Rotenone and paraquat, in animals, induces Lewy body formation but their effects still remain ambiguous due to numerous contradictory results in studies \[[@ref016]\]. Overall, these toxin-induced PD models commonly induce oxidative stress and death of DA neurons, as observed in PD, but they do not completely model the pathological mechanisms occurring in PD patients \[[@ref016]\]. Murine models have also been engineered to recapitulate genetic alterations, in PARK2, PINK1, DJ-1 (parkinsonism associated deglycase), SNCA, LRRK2 and GBA genes, observed in PD patients. Duplication or triplication of SNCA and misense mutations of *α*-synuclein (A30P, A53T and E46K) have been identified in familial PD. Thus, transgenic mice (knock-out and overexpression), grafting models, intracerebral injections, and virally induced expression of *α*-synuclein have been developed to replicate *α*-synuclein overexpression and mutations \[[@ref023]\]. Mutations in LRRK2, such as G2019S and R1441C, cause late-onset autosomal dominant forms of PD \[[@ref025]\]. Similarly to SNCA models, LRRK2 mice models present motor impairments and reduction of striatal DA neurons, but do not display disruption of the nigrostriatal DA neurons \[[@ref028]\]. Only viral vector-based model has been reported to induce degeneration of nigral DA neurons in rat \[[@ref031]\]. Homozygous mutations in PARK2 and PINK1 genes are linked to autosomal recessive PD. Many knock-out mice have been generated for these genes and presented a moderate reduction in striatal DA neuron levels accompanied by low locomotor activity, without Lewy body formation \[[@ref032]\]. Long-term overexpression of human wild-type and T240R mutant parkin in rat substantia nigra induces progressive DA neurodegeneration \[[@ref035]\]. Bacterial artificial chromosome transgenic mice expressing a truncated mutant parkin exhibit age-dependent motor deficits and DA neurodegeneration \[[@ref036]\]. DJ-1 mutations are linked to autosomal recessive and early-onset PD and different mice models recapitulate nigrostriatal DA deficits and progressive DA cell loss \[[@ref037]\]. Finally, GBA mutations are the greatest risk factor for PD discovered to date and are associated with an enhanced risk of developing synucleinopathies. Thus, different groups have investigated the link between GBA mutations and synuclein levels. They showed a correlation between *β*-glucosidase (GCase) levels and activity and synuclein degradation \[[@ref039]\].

In these murine models, many of the hallmarks for PD, including impairment in mitochondrial and lysosomal function, synuclein propagation and synaptic dysfunction, have been observed but they do not completely model PD \[[@ref016]\]. Recently, small vertebrate fish, such as zebrafish and medakas, have been used to model PD pathology. DA neurons in these models are more sensitive to 6-OHDA or MPTP exposure or genetic impairment, but do not present with Lewy body-like inclusions. Interestingly, these fish show abnormal swimming behavior \[[@ref043]\]. The invertebrate models, *C. elegans* and *Drosophila melanogaster*, show similar phenotypes as vertebrate models after exposure to rotenone, paraquat, MPTP or 6-OHDA. Many genetic models have been generated in these species. However, in *C. elegans* and *Drosophila*, there is no orthologous gene for *α*-synuclein, and studies were performed on animals overexpressing human *α*-synuclein \[[@ref044]\].

While using animal models presents physiological advantages for studying PD compared to using cell lines, they incompletely recapitulate PD phenotypes. Many drug trials have been based on results from experimental animal models. Unfortunately, these results failed to translate into clinical therapies in the neurodegenerative field. This failure could be explained by the intrinsic differences between animals and human. Often, animals that appear to recapitulate the disease phenotype exhibit intrinsic differences with respect to the human disease. The recent development of techniques to generate stem cells from somatic human cells represents a major technological advance, providing a unique and novel approach to grow human neurons on a routine basis.

Stem cell technology to create human models of PD {#sec0020}
-------------------------------------------------

Over the past decade, the emergence of iPSCs has opened up new avenues in PD research. With their self-renewal ability and potential to differentiate into many lineages, iPSC represent an opportunity to study the pathogenesis of PD at the cellular level in a human model, without raising the ethical concerns previously triggered by the use of embryonic stem cells \[[@ref047]\]. iPSCs can be directly generated from somatic cells, obtained from the skin, blood or urine of an individual, by expressing the reprogramming factors OCT4, SOX2, KLF4, and c-MYC. This technology was first described in 2006 in a seminal study by Kazutoshi Takahashi and Shinya Yamanaka as a technique to create mouse iPSCs \[[@ref048]\], and followed up with two studies in 2007 describing the generation of human iPSCs samples in follow-up studies in 2007 by Yamanaka and Thomson, respectively \[[@ref049]\]. In 2009, Soldner and colleagues were the first to describe generation of an iPSC cell-line from a patient with sporadic PD, and the subsequent differentiation of these cells into DA neurons \[[@ref051]\]. Nguyen and others, in 2011, described for the first time a pathological phenotype manifesting in iPSC-derived DA neurons from a PD patient bearing a mutation in the LRRK2 gene \[[@ref014]\]. Since then an increasing number of iPSC lines have been generated, including iPSCs from patients with mutations in familial PD genes, as well as from patients with sporadic PD without an identified causative genetic mutation. Currently, several organizations, such as the European Bank for induced pluripotent Stem Cells (EBiSC) and the New York Stem Cell Foundation (NYSCF), are centralizing and making iPSC lines derived from patients with PD available to researchers and industries. Taking advantage of such lines, many studies have started to focus on dissecting the pathological mechanisms of PD in iPSC-derived DA neurons from patients compared to neurons from healthy individuals ([Table 1](#jpd-9-jpd181515-t001){ref-type="table"}) \[[@ref052]\].

###### 

iPSC models of Parkinson's disease

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  PD model                                                      Authors                        Date                Cells used to derive iPSC                                 Control                                                                 Highlight                                         
  --------------------------------------------- --------------------------------------- ------------------ ----------------------------------------- -------------------------------------------------------- ---------------------------------------------------------------------------------------- -------------------------------------------------------------------------
  Sporadic                                                                                Soldner et al.                     2009                                        Skin fibroblasts                                                                NA                                                                     Generation of iPSC line

                                                             Cooper et al.                     2010                    Skin fibroblasts                                         NA                             Improved small molecule differentiation protocol for generation of midbrain DA neurons  

                                                         Sánchez-Danés et al.                  2012         Epidermal keratinocutes and fibroblasts                Unrelated healthy individual                        Dysfunctional autographic system described in sporadic and LRRK2 lines          

                                                             Zhang et al.                      2017                          PBMCs                                              NA                                                            Generation of iPSC line                                  

  LRRK2                                                      p.Gly2019Ser                 Nguyen et al.                      2011                                        Skin fibroblasts                                                   Unrelated healthy individual                                First study showing a pathological phenotype in PD iPSC-derived neurons

  p.Gly2019Ser                                           Sánchez-Danés et al.                  2012                    Skin fibroblasts                            Unrelated healthy individual                        Dysfunctional autographic system described in sporadic and LRRK2 lines          

  p.Gly2019Ser/\                                             Cooper et al.                     2012                    Skin fibroblasts                            Unrelated healthy individual                                      Mitochondrial dysfunction in patient lines                        
  p.Arg1441Cys                                                                                                                                                                                                                                                                                         

  p.Gly2019Ser                                             Orenstein et al.                    2013                    Skin fibroblasts                            Unrelated healthy individual                               Effect of LRRK2 mutation on chaperone-mediated autophagy                 

  p.Gly2019Ser/\                                       Lopez-de Maturana et al.                2016                    Skin fibroblasts                            Unrelated healthy individual                                         Effect of mutations on NFkB pathway                            
  p.Arg1441Cys                                                                                                                                                                                                                                                                                         

  pAsn551Lys/\                                                 Ma et al.                       2017                          PBMCs                                              NA                                                            Generation of iPSC lines                                 
  p.Ser1647Thr/\                                                                                                                                                                                                                                                                                       
  p.Arg1398His/\                                                                                                                                                                                                                                                                                       
  p.Arg1628Pro                                                                                                                                                                                                                                                                                         

  PINK1                                                     p.Gln456Xaa /\                Seiber et al.                      2011                                        Skin fibroblasts                                                      Healthy family member                                                     Mitochondrial defects in mutant lines
                                                              p.Val170Gly                                                                                                                                                                                                                              

  p.Gln456Xaa                                                Chung et al.                      2016                    Skin fibroblasts                            Unrelated healthy individual                           Compared floor-plate vs neural-rosette differentiation protocols             

  p.Gln456Xaa                                                Cooper et al.                     2012                    Skin fibroblasts                            Unrelated healthy individual                                      Mitochondrial dysfunction in patient lines                        

  SNCA (*α*-synuclein)                                       p.Ala53Thr/\                 Soldner et al.                     2011                                        Skin fibroblasts                                                                                                              
                                                              p.Glu46Lys                                                                                                                                                                                                                               

  Triplication                                               Byers et al.                      2011                    Skin fibroblasts                               Healthy family member                                 Confirmed synuclein over expression in the triplication line               

  Triplication                                               Devine et al.                     2011                    Skin fibroblasts                               Healthy family member                                 Confirmed synuclein over expression in the triplication line               

  Triplication                                              Oliveira et al.                    2015                    Skin fibroblasts               Unrelated healthy individual and healthy family member              Impact of synuclein over expression on DA neuron differentiation             

  GBA-1 (GCase)                                          p.Asn370Ser/ c.84dupG            Mazulli et al.                     2011                                        Skin fibroblasts                                                   Unrelated healthy individual                                             Relation between synuclein and GCase mutation

  PARK2 (Parkin)                                               Deletion                  Imaizumi et al.                     2012                                        Skin fibroblasts                                                   Unrelated healthy individual                                     Oxidative stress and mitochondrial dysfunction in PARK2 lines

  Deletion                                                   Jiang et al.                      2012                    Skin fibroblasts                            Unrelated healthy individual                                  Link between Parkin and dopamine use in DA neurons                    

  Deletion                                                    Ren et al.                       2015                    Skin fibroblasts                            Unrelated healthy individual                                     Effect of deletions on neuronal arborization                       

  Deletion                                                   Chang et al.                      2015                    Skin fibroblasts                            Unrelated healthy individual                            Proteasomal dysfunction and oxidative stress in mutant neurons              

  p.Val324Ala                                                Chung et al.                      2016                    Skin fibroblasts                            Unrelated healthy individual                           Compared floor-plate vs neural-rosette differentiation protocols             

  Deletion                                                   Suzuki et al.                     2017                    Skin fibroblasts                            Unrelated healthy individual                                       Monitored mitophag in iPSC using mtKeima                         

  Familial (LRRK2, SNCA, PARK2, GBA-1, PINK1)    Refer to paper for specific mutations   Holmqvist et al.                    2016                                        Skin fibroblasts                                                                NA                                                          Generation of iPSC lines from 43 PD patients

  Refer to paper for specific mutations                    Momcilovic et al.                   2016                    Skin fibroblasts                                         NA                                                  Generation of iPSC lines from 10 PD patients                       
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Although this strategy represents a significant advance, there are limitations to the use of iPSCs for modelling PD. Neurons derived from iPSCs are often considered embryonic, unlike the aged neurons found in adult brains \[[@ref077]\]. In addition, they are grown outside the native environment of the brain, in artificial dishes, and maintained in culture media made of a combination of small molecules that does not recapitulate the complexity of factors received by cells *in vivo*. Thus, many factors required for their normal growth and differentiation may be lacking. Since PD is a late-onset and multi-factorial disorder, neurons obtained from the iPSCs of PD patients are expected to present very subtle pathological phenotypes. As there is intrinsic line-to-line variability amongst iPSC lines, partly due to differences in genetic backgrounds, it is very challenging to identify these subtle phenotypical differences by comparing patient lines to lines derived from unrelated healthy controls. In addition, when differentiated in a dish, cells are grown as almost pure neuronal populations. Obtaining neurons that behave in the same way as they would in the body requires the presence of additional cells in the culture. These could be astrocytes, oligodendrocytes, microglia, or different neuronal subtypes whose presence may elicit the formation of synapses between neurons, promote myelination of the neurons and elicit electrical activity and firing between neurons. To address these issues, scientists have designed new ways to generate more elaborate iPSC models.

TOWARDS MORE RELEVANT MODELS OF PD PATHOPHYSIOLOGY USING IPSCs {#sec0025}
==============================================================

IPSC genome editing {#sec0030}
-------------------

Inherent line-to-line variability makes it challenging to identify phenotypical traits of diseased versus healthy iPSC lines. Differences in genetic background between lines can explain part of this phenomenon. Thus, when studying genetic forms of PD, it is worth attempting to control these known sources of variation. Using genome editing techniques, scientists can either introduce a pathogenic mutation in a control line or correct a mutation in a patient line back to its control counterpart ([Fig. 1](#jpd-9-jpd181515-g001){ref-type="fig"}). This allows for comparison of two lines that have the same genetic background, differing only in the mutation of interest. Such lines are called *isogenic*. The standardization of genome editing techniques and development of CRISPR technology over the past decade has greatly facilitated the generation of isogenic iPSC lines for the study of PD.

![The iPSC toolbox. Representation of the multiple tools available for creating *in vitro* models using iPSC. The upper left panel represents genome-editing techniques that allowing for the creation of isogenic pairs of stem cell lines. Clockwise, the other panels depict models of increasing complexity such as co-cultures, 3D organoids and assembly of multiple organoids on a chip. The main strengths and limitations of the different models are highlighted in the adjacent squares.](jpd-9-jpd181515-g001){#jpd-9-jpd181515-g001}

However, technical challenges remain in making the generation of isogenic pairs a standard in the iPSC field. Genome editing using homologous recombination (HR) \[[@ref079]\], while efficient in mouse cell lines, is quite inefficient in human stem cell lines \[[@ref081]\]. This could be due to a lower rate of spontaneous HR in human cells. To overcome this problem, more efficient delivery strategies for the HR construct were designed. The one with the most success in human iPSCs was the helper-dependent adenoviral vectors (HDAdVs) \[[@ref082]\]. HDAdVs are poorly immunogenic non-integrative viral vectors, which can efficiently transduce a wide range of cell types. In 2012, Liu and colleagues successfully used this technique, becoming the first team to model PD through generation of isogenic human iPSC lines \[[@ref083]\]. In this study, a patient iPSC line bearing the LRRK2 c.6055G \> A (p.Gly2019Ser, G2019S) mutation was corrected back to its WT counterpart, then both lines were differentiated into neural stem cells. The authors identified an aberrant nuclear phenotype in mutant cells that was not present in corrected cells. They also confirmed this previously undescribed phenotype in patients' post-mortem tissues, illustrating the strength of modelling a disease with isogenic human lines.

However, editing the genome by relying on natural HR was quickly superseded by the use of site-specific nucleases (SSN) to induce double stranded breaks (DSB) in DNA. Indeed, it was shown that generating a DSB in DNA could greatly increase the rates of homology-directed repair at the break site \[[@ref084]\]. Applying this strategy, while providing an exogenous repair template bearing a mutation of interest, enhanced gene editing success rates by orders of magnitude compared to classical HR. In the years following this discovery, SSN were designed to target specific genomic sites. Zinc finger nucleases (ZFNs), engineered proteins consisting of a fusion of a zinc finger DNA-binding domain and the nuclease domain of the *Fok*I restriction enzyme \[[@ref086]\], were extensively used in modelling of PD. In 2013, Reinhardt and colleagues were the first to describe the generation of isogenic iPSC PD lines using ZFN-based genome editing \[[@ref087]\]. In this study, the researchers corrected three patient iPSC lines bearing the LRRK2 G2019S mutation and additionally introduced this mutation in a line from a healthy individual. The analysis of these four isogenic pairs revealed mutation-dependent defects in axonal length and sensitivity to PD stressors. In the following years, scientists used ZFN genome editing to investigate the effects of mutations in other PD-related genes such as SNCA \[[@ref088]\] or GBA-1 \[[@ref091]\].

ZFN design requires expertise and a considerable amount of time, making ZFN based genome editing challenging to implement for many teams. Transcription activator-like effector nucleases (TALENs) \[[@ref093]\], a different type of SSNs, present the same issues. It was the advent of the CRISPR/Cas9 tools in 2013 \[[@ref094]\] that democratized the use of genome engineering. This technique, inspired by a bacterial immune mechanism \[[@ref095]\], allows for DNA targeting using a combination of a specific guide RNA construct (gRNA) and the Cas9 nuclease. The versatility of DNA editing through distinct gRNAs allowed many groups to implement genome engineering, in a faster and more standardized manner. In 2016, Soldner and others used CRISPR/Cas9 methodology to introduce single nucleotide polymorphisms (SNPs) in the PD-related SNCA gene in human embryonic stem cells \[[@ref096]\]. They identified SNP variants associated with *α*-synuclein overexpression that correlated with findings from GWAS.

Targeted genetic manipulation of iPSCs, using the now standardized CRISPR/Cas9 system to create isogenic controls will undoubtedly improve the utility of iPSCs to model PD. However, in addition to genetic background, other apparently stochastic factors in the differentiation process, such as temperature, cell density, number of cell passages and concentrations of specific growth factors, also seem to contribute substantially to the line-to-line variability of iPSCs. Moreover, cellular phenotype is a result of the interaction between a cell's genotype and its environment. Therefore, significant efforts are now being made to generate more authentic cellular environments to better model PD *in vitro*.

Reaching the next step: Modelling cellular interactions using co-culture systems {#sec0035}
--------------------------------------------------------------------------------

Every tissue and system in the human body is composed of various cell types interacting with each other. In most cases, cells depend on these interactions to establish and maintain their proper physiological function. Therefore, to generate more faithful *in vitro* models of cellular function and dysfunction, it is critical to recreate the natural interactions between cell populations. To this end, co-culture systems such as microfluidic platforms \[[@ref097]\], membrane filters \[[@ref099]\], three-dimensional scaffolds \[[@ref100]\] and microarrays \[[@ref101]\] have been developed. These permit the growth of two or more different cellular populations, within partially separated or common chambers.

Recently, scientists have started developing iPSC-based co-cultures to create models of the nervous system ([Fig. 1](#jpd-9-jpd181515-g001){ref-type="fig"}). For instance, as a tool to study neuromuscular disorders such as amyotrophic lateral sclerosis (ALS) or spinal muscular atrophy (SMA), several teams have worked on reconstituting neuromuscular junctions by co-culturing stem cell-derived motor neurons with muscle cells \[[@ref102]\]. Similarly, co-culturing iPSC-derived neurons with glial cells was shown to accelerate their maturation process and improve their electrophysiological activity \[[@ref107]\]. In a recent study, Du and colleagues co-cultured iPSC-derived astrocytes with iPSC-derived DA neurons using a transwell co-culture system \[[@ref110]\]. They showed that the presence of astrocytes in the culture could rescue mitochondrial defects induced in DA neurons by PD-related toxins such as rotenone. This observation highlights a crucial role for astrocytes as neuromodulators in the pathogenesis of PD. Thus, not only can co-cultures improve the quality of our models by accelerating cell maturation and promoting activity, but they can also increase our understanding of some of the more complex aspects of these neurological disorders.

To date, most co-culture models have involved only two defined cell populations. This is due to the intrinsic complexity associated with connecting different cell populations, both in terms of the analysis and technical considerations. Indeed, one challenge when co-culturing distinct cell types is optimizing a common growth medium to sustain all cells \[[@ref111]\]. This becomes even harder when working with iPSC-derived cells that require specific growth factor cocktails to differentiate properly. To overcome this challenge and model even more complex systems involving many cell types, scientists are now turning to three-dimensional (3D) systems to mimic organ development *in vitro*.

Human brain organoids: Promising new models for neurological disorders {#sec0040}
----------------------------------------------------------------------

In 1992, the first 3D neuronal models composed of neural stem cells or neuronal progenitors, called neurospheres, were described \[[@ref112]\]. Neurospheres are aggregates of cells that are not stereotypically organized in space, which means they do not recapitulate the cytoarchitecture of the brain. Recent progress in 3D cultures has given rise to 3D neural cell aggregates that have the ability to recapitulate some neuropathological phenotypes, such as the amyloid-beta accumulation commonly observed in Alzheimer's disease (AD) \[[@ref113]\]. Even though neuronal aggregates can model some aspects of neurodegenerative diseases, they still lack the anatomical organization of the brain, where distinct areas contribute differentially to the development of AD or PD \[[@ref117]\].

In 2013, Lancaster described a novel 3D model recapitulating different areas of the human brain: the cerebral organoid \[[@ref118]\]. Kept in culture, an organoid forms a complex neuronal self-organized tissue composed of a mixed population of neurons, astrocytes and oligodendrocytes, with some architectural similarities to the real human brain. Compared to the neurospheres generated previously, the organoid's cells are organized in layers that include ventricular-like zones at early stages, composed of progenitors. Cells are functional, have spontaneous electrical activity in networks, and are in a niche-like environment. Interestingly, brain organoids can be cultured for long periods to obtain mature cells, morphologically and functionally, in contrast to neurosphere cultures \[[@ref118]\].

Since 2013, different types of brain organoids have been generated, based on adaptations of the initial protocol published by Lancaster. Initially, no growth factors were included in the medium, and cells were self-differentiating. Now however, different laboratories directly drive the stem cells towards specific cell lineages. The key for efficient brain organoid generation is the appropriate combination of inductive signals and physical factors that drive pluripotent stem cells to form 3D structures. The modulation of this combination gives rise to multiple types of minibrains with different advantages for the investigation of neurodevelopmental and neurodegenerative disorders. Protocols now exist for making human cerebral \[[@ref118]\], forebrain-like (dorsal and ventral) \[[@ref124]\], cerebellar \[[@ref126]\], cortical-like (dorsal and ventral) \[[@ref127]\], hippocampal and choroid plexus-like tissue \[[@ref129]\], midbrain \[[@ref119]\], hypothalamic \[[@ref125]\], and pallium and subpallium \[[@ref130]\] brain organoids. Over the past five years, laboratories have focused on differentiation of brain organoids towards a specific fate, with defined media and scaffolds (Matrigel or Cell-Mate3D), in order to study different neuropathologies \[[@ref118]\]. Such methods limit the cellular diversity compared to undirected whole-brain organoid methods.

IPSC-derived human brain organoids can be used to study neurodevelopment. Indeed, brain organoid development recapitulates early to mid-fetal development, and the epigenomic signatures of the human fetal brain \[[@ref125]\]. So far, cerebral organoids have been used to study pathologies including microcephaly \[[@ref118]\], Zika virus infection \[[@ref133]\], and autism spectrum disorders \[[@ref130]\]. As well, human brain organoid technology has been used to investigate aspects of neurodegenerative disorders. Two groups generated cerebral organoids from the iPSCs of AD patients carrying familial mutations for presenilin1 or an amyloid precursor protein duplication, and successfully recapitulated the aggregation of amyloid-beta protein and tau pathology (hyperphosphorylation and aggregation), two neuropathological markers of AD. Treatment of the 3D cultures with drugs targeting either amyloid-beta aggregation or tau phosphorylation decreased the pathological markers \[[@ref114]\]. These promising results demonstrated that human brain organoids represent a relevant model to accelerate drug discovery.

The development of different types of brain organoids represents a major technological advance in the stem cell field, and a novel bridge between traditional 2D cultures and *in vivo* animal models for personalized drug screening. In particular, the development of midbrain organoids represents a new drug discovery model for PD ([Fig. 1](#jpd-9-jpd181515-g001){ref-type="fig"}). Two groups published similar protocols for generating human midbrain organoids based on specific inductive signals introduced at specific timepoints during 3D culture to drive the stem cells towards a midbrain fate \[[@ref119]\]. The midbrain organoids were shown to contain functional midbrain neurons producing neuromelanin granules, a by-product of dopamine synthesis. Thirty per cent of the neuronal population is myelinated due to the presence of oligodendrocytes. Interestingly, Monzel and colleagues showed that nodes of Ranvier and spontaneous saltatory transmission were observed \[[@ref119]\]. So far, studies with PD patient-derived midbrain organoids have not been published, thus the pathological mechanisms in the midbrain organoid model are still unexplored.

Despite the remarkable features of brain organoids, circuits connecting multiple brain regions have not been observed. The connection or fusion of different type of brain organoids, for instance the midbrain with the cortical-like organoid, would be informative to model interactions between brain regions. Compared to animal models, brain organoids also lack connections with other organs. For PD, recent studies suggest that gut microbia might affect brain activity and trigger development of pathology \[[@ref139]\]. Connecting different organs together, such as the gut and the brain, can potentially be an informative model for modelling PD in a dish. The development of organs connected on a chip could provide new tools for more accurate disease modeling.

Organs-on-a chip: Connection of brain organoids to other body organoids {#sec0045}
-----------------------------------------------------------------------

Recent advances in biomaterials, 3D tissue engineering and microscale technologies have led to the emergence of "organs-on-a-chip" ([Fig. 1](#jpd-9-jpd181515-g001){ref-type="fig"}). In an *in vitro* microphysiological system, different types of organoids are co-cultured in a continuous liquid flow system to mimic the physiology of the body. This technology potentially represents a more physiological platform for drug discovery and toxicity testing, because it mimics cell-cell and cell-matrix interactions, and provides appropriate chemical and mechanical forces, such as shear stress, and electrical cues through microelectrodes arrays \[[@ref119]\]. Moreover, the development of incorporated biosensors can allow monitoring of biomarkers, chemokines and analytes, to better understand disease mechanisms. A number of companies and laboratories have developed connected organs with multiple fluid flow circuits operated by pumps, thus incorporating blood and excretory flow circuit with organoids, to carry out brain neurosphere analyses such as neurotoxicity screening, high content imaging, kinetic and electrophysiological assays \[[@ref140]\] (cf also Mimetas^®^, DRAPER^®^, StemoniX^®^ websites). Brain-on-a-chip models have been developed to model neurodegenerative disorders. So far, only neurospheres, but not complex brain organoids, have been incorporated on chips to model AD \[[@ref140]\] or PD \[[@ref141]\]. Interestingly, for the AD model, fluid flow mimicked the cerebrospinal fluid flow, which has a major role in cell communication and metabolism. This flow promoted differentiation of neurons, decreased cell death, and promoted the response of neurons to amyloid-beta protein addition \[[@ref140]\].

One of the major advantages to combining iPSC-derived tissue and microfluidic chips is the possibility of deriving multiple organs from the same donor or patient. As mentioned above, connection of gut and brain organoids from a PD patient would be an interesting chip to develop, to investigate the impact of microbiota on the development of pathological markers, such as *α*-synuclein, which is suspected to spread from the enteric nervous system to the brain via the vagus nerve \[[@ref142]\]. "Gut-on-a chip" systems have already been developed to test the inflammatory impact of microbial infection on intestinal epithelial cells \[[@ref143]\]. Future technologies may connect, on a single chip, gut-organoids and brain-organoids derived from iPSCs \[[@ref120]\]. Such microphysiological systems, that mimic biologically relevant human conditions, could help model diseases and provide a better understanding of the pathological mechanisms at play. Moreover, adding a blood brain barrier to envelop the neural network system is a major potential breakthrough for the 3D neural network model \[[@ref148]\]. Recently, one group generated human vascularized brain organoids from a patient, by co-culturing his iPSC-derived endothelial cells with the brain organoids \[[@ref149]\]. This promising study demonstrated the feasibility of organoid vascularization. So far, neuronal organoids lack vascularization, leading to poor diffusion of oxygen and nutrients to the center of the tissue, which can often become necrotic with age \[[@ref138]\]. This is one of the major limitations of organoid growth and one explanation for the heterogeneity observed within the tissue. Concurrently, another group showed vascularization of a human brain organoid transplanted in an adult mouse brain \[[@ref152]\], suggesting a connectivity between the grafted organoid and the host. Recently, Berger and others developed millifluidic cultures to improve human midbrain organoid vitality and differentiation in bioreactors. They observed a decrease in the necrotic core size with continuous medium flow during culture, rather than shaking culture \[[@ref153]\]. These pioneering studies present immense promise for truly generating more relevant models of PD through organoids.

USING iPSCs FOR DRUG DISCOVERY {#sec0050}
==============================

No cure exists for PD despite huge pharmaceutical investments over recent decades. The lack of translation of promising results from animal models into human therapies, toxic side effects from many of these promising therapies and the requirement for drugs to pass the blood brain barrier accounts for many of the clinical failures so far. These issues need to be addressed, at the earliest stage of fundamental research, in order to develop next generation therapeutic compounds. The iPSCs models described here provide a different strategy that could open up new avenues for personalized medicine, by providing access to neurons from affected individuals, which would otherwise be inaccessible. To date, iPSCs represent a powerful and promising tool to identify new therapies for patients with PD.

IPSCs have a major clinical advantage over the classical cellular and animal models: they are generated from an individual's own somatic cells through a non-invasive procedure, they carry the same genetic background as the person they were derived from and they can be grown in a physiological 3D environment, leading to complex neuronal models. Moreover, iPSCs represent an unlimited renewable resource that can be distributed across many researchers worldwide, ensuring that many labs can all work with the same patient cell-lines, developing assays that are both innovative, but also reproducible and that have the potential one day to be adapted for drug discovery purposes. These preclinical trials in a dish can speed up the discovery of new and effective compounds, while at the same time excluding potentially ineffective or toxic ones \[[@ref154]\]. Recently, one group integrated radio frequency identification within a liver organoid to trace and track organoids after transplantation \[[@ref155]\]. This proof of principle expands the use of chips to potentially record real-time data for drug assays in large quantities of organoids.

CONCLUDING REMARKS {#sec0055}
==================

Like all neurodegenerative diseases, PD remains a challenge for drug discovery. There are limited treatments and no cures available, despite huge investments. PD patients exhibit clinical, pathological and genetic heterogeneity that, combined with lack of efficacy or toxic side effects of drugs, may explain the failures of drug trials \[[@ref156]\]. New tools are needed to better predict and target future therapies, especially at presymptomatic stages. The technologies described in this review represent promising platforms for human research. Worldwide, institutions and universities are creating biobanks, including open access biobanks \[[@ref157]\], that could allow researchers to more readily generate such tools, to be used for finding personalized drug candidates or therapies to test in clinical trials \[[@ref158]\]. However, since the goal of models is to reproduce the complexity of the human body, they need to be highly elaborate. As a consequence, there are many challenges to face. First, the production of iPSCs, via fibroblast or blood cell reprogramming, induces a loss of epigenetic memory \[[@ref160]\]. 2D or 3D cultures derived from iPSCs recapitulate fetal gene expression profiles and thus represent a hurdle for modeling late-onset disorders. Inducing or accelerating the aging process in iPSC-derived cultures, to improve late-onset age-related disease features, is a critical point to consider and improve in existing iPSC models for AD and PD. So far, one group has reported induction of aging in an iPSCs model using progerin \[[@ref062]\]. However, even in such aged cells, the original potential epigenetics disease markers carried by the donor cannot be recovered, representing a limitation of this model. Secondly, it is important to keep in mind that genetic factors contribute to approximately 10% of PD cases, meaning that environmental factors have a major impact on the development of pathology. Recently, a group investigated the interaction between genome and environment and demonstrated an impact of local environment on the transcriptome and clinical endophenotypes, stronger than genetic ancestry. They demonstrated that local air pollution directly affected gene expression, and pathways affecting cardio-metabolic and respiratory traits, when controlling for genetic ancestry \[[@ref161]\]. Thus, it is crucial to consider and include environmental contributors and complex polygenic inheritance in existing genetic iPSC models.

These iPSC-based tools and models will bring researchers closer to understanding the pathological mechanisms involved in PD. In addition, they are amenable for use in large scale compound and biologics screens to develop personalized treatments for patients. In parallel, many researchers are working on directly using iPSC in personalized cell therapies, by transplanting iPSC-derived DA neurons back into PD patients. Although this is beyond the scope of this review, other authors provide detailed overviews of this specific aspect of iPSC research \[[@ref162]\]. This technique, developed and recognized as promising in animal models \[[@ref164]\], is now being tested in several clinical trials. However, although cell therapies might significantly alleviate symptoms for a period of time, they may not be a definitive cure for the disease, given that PD is not limited to DA neuron loss \[[@ref166]\]. Hence, generating faithful PD models is of utmost importance, to dissect the mechanisms of pathogenesis and design effective drugs to halt the progression of the disease.

Overall, although considerable work is still needed to optimize their use, iPSCs represent a promising tool for PD modeling and personalized drug discovery.
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